Propofol is an hypnotic drug used in anesthesia which was noted to induce marked vasodilation in vivo and in vitro, and to elicit intraoperative penile erections. The goal of this study was to assess the putative mechanistic basis for this later observation by con®rming its action in vivo in a rat model of penile erection, as well as by studying its effects in vitro on cultured human corporal smooth muscle cells and isolated corporal tissue strips. In vivo experiments were conducted on Fisher 344 rats anesthetized with sodium pentobarbital or propofol. Intracavernosal pressure was recorded during current stimulation of cavernous nerves. A signi®cant increase in the intracavernous pressure response was recorded at all levels neurostimulation, ranging from 1±10 mA. In vitro experiments were conducted utilizing digital imaging microscopy to assess the effects of propofol (3±12 mg/mL) on ET-1-induced (50 nM) intracellular Ca 2 transients [Ca 2 ] i in Fura-2-loaded cultured human corporal smooth muscle cells (passage 3±4) as well as to evaluate the effects of propofol on phenylephrine (PE)-induced contractile responses on isolated corporal tissue strips. With respect to the former, resting cytosolic calcium levels were not altered during preincubation with propofol alone at clinically effective concentrations (12 mg/mL). However, propofol produced a concentration-dependent decrease in the peak amplitude of the transient ET-1-induced (50 nM) [Ca 2 ] i response (P`0.001). Preincubation of the cells with calcium free/EGTA (1 mM) buffer produced a reduction in the peak amplitude of the ET-1-induced [Ca 2 ] i transient (55.5 AE 6% (n 10 cells, P`0.01)) which was indistinguishable from that produced by 8 mg/mL of propofol (53.4 AE 5.6% (n 12 cells, P`0.01)). However, propofol had no effect on the histamine-induced [Ca 2 ] i response. Lastly, preincubation of isolated human corporal tissue strips with propofol (100±200 mM; 30 min) caused a signi®cant diminution in the peak amplitude of the PE-induced contractile response. Taken together, these data indicate that the mechanistic basis for intraoperative penile erections observed with propofol may be related, at least in part, to altered transmembrane calcium¯ux through voltage-dependent calcium channels, and thus, decreased corporal smooth muscle tone.
Introduction
Propofol (2,6-di-isopropylphenol) is a short acting hypnotic drug widely used for intravenous induction and maintenance of general anesthesia. Its main side effect is a decrease in arterial blood pressure mediated by vasodilation of vascular tissue. 1 It was also recently reported to cause erections during surgery. 2 While the mechanism of action of propofol on erection is unknown, it is conceivable that this hynotic drug may induce intraoperative penile erections by reducing the cerebral inhibition of erection. Interestingly, recent in vitro studies on animal vasculature have indicated that propofol causes an inhibition of transmembrane Ca 2¯u x through voltage-dependent Ca 2 channels in smooth muscle cells, 3, 4 and suggested that this was the main mechanism involved in propofol-induced relaxation of isolated vessels. In light of the numerous physiological similarities between corporal and arterial smooth muscle 5±10 it is conceivable that propofol may have a similar end organ effect on corporal smooth muscle.
Thus, the goal of this study was to shed more mechanistic insight on previous clinical observations, by evaluating the effects of propofol on penile erection both in vivo and in vitro. The former was achieved by evaluating the effects of propofol on the intracavernous pressure responses observed during cavernous nerve stimulation in a rat model. 11 While the putative direct effects of propofol on corporal smooth muscle tone were assessed by monitoring the effects of propofol on agonist-induced intracellular calcium mobilization, and the contraction of isolated corporal tissue strips. In short, these studies document that propofol-induced intraoperative penile erections are likely to result, at least in part, from a direct action of propofol on intracellular calcium levels, subsequent to inhibition of transmembrane calcium¯ux through voltage-dependent calcium channels on human corporal smooth muscle cells.
Methods

Animal experiments
As previously described, 11 25 male Fisher 344 rats (F344, Taconic Farms, Germantown, NY), 18 weeks old, were anesthetized by an intraperitoneal injection of sodium pentobarbital (35 mg/kg). After placement of a 25-gauge cannula into the carotid artery to monitor the arterial blood pressure (BP), the penis was denuded of skin and the two corpus cavernosum exposed. A 23-gauge catheter was inserted into the left corpus cavernosum to monitor the intracorporal pressure (ICP). Both pressure lines were connected through a pressure transducer and ampli®er (ETH 400 CBS Sciences Inc.) to a data acquisition board (Mac Lab/8e
1 AD Instruments, MA). Recording of pressure measurements was performed on a Mac Lab software V3.4 (ADI Instruments, MA). Cavernous nerves were identi®ed and bipolar electrodes were placed around one of them for electrical stimulation.
Subsequently, anesthesia was maintained with sodium pentobarbital in 15 rats (control animals) and replaced with propofol in 10 other experimental rats. Propofol was injected in bolus through the arterial catheter (3 mg/kg) every 15 min as required for maintenance of anesthesia. At such a dose, propofol allowed spontaneous ventilation. Neurostimulation was performed at 20 Hz frequency with increasing current from 0.5±10 mA during a 45 s stimulation period. A 10 min delay was allowed between successive current stimulations, to ensure a complete return to basal intracorporal pressure levels.
Tissue preparation and pretreatment
A total of 41 strips of human corporal smooth muscle were excised from 11 patients undergoing implantation of penile prostheses for correction of organic erectile dysfunction. Five of these patients were diabetic (both insulin and noninsulin dependent) and six were nondiabetic. The patients ranged in age from 33±68 y old, with a mean AE s.e.m., of 59.5 AE 3.0. As each tissue strip served as its own control (see below), and furthermore, given that these preliminary experiments revealed no apparent differences among the patients in the effects of propofol on the PE-induced contractile response, for the purposes of statistical analysis, the patients were considered to represent a homogeneous population. After removal the tissue was placed immediately in ice-cold transporation buffer (for exact composition see below) and kept at 4 C until use. Corporal tissue was processed in accordance with a protocol approved by the Internal Review Board of the Monte®ore Medical Center/Albert Einstein College of Medicine. All corporal tissues were studied within 24 h after the operation. Each specimen was cut into strips measuring approximately 3 6 3 6 8 mm and the tissue strips were placed in 20 ml organ chambers containing Krebs-Henseleit buffer (for exact composition see below) and suspended between two hooks. The buffer was continuously gassed with 95% O 2 and 5% CO 2 which maintained at pH 7.4 AE 0.1. The temperature was kept at 32 C to prevent the appearance of spontaneous myotonic oscillations. 12 After mounting the tissue, tension was set at 3 g and the tissue was equilibrated for 90 min, as previously described 5±10,12±15 before being readjusted to 2 g tension. Contractions were measured isometrically with a Grass Force Displacement Transducer (Model FT-03) and recorded on a Grass Polygraph (model 7D). All agents were added directly onto the organ bath chambers.
Cell culture
Corporal tissue for cell culture was obtained from four patients with erectile dysfunction whom were undergoing implantation of penile prosthesis, according to a protocol approved by the Internal Review Board of the Monte®ore Medical Center/ Albert Einstein College of Medicine. The mean age of the patients was 45 y old (39±51). Three of these patients had diabetes mellitus, and the other had Peyronie's disease. Homogeneous corporal smooth muscle cell cultures were obtained as previously described.
16±18 Brie¯y, sections of corporal tissue were washed in Hanks' Balanced Salt Solution, cut into 1±2 mm pieces and grown in Dulbecco's modi®ed Eagle Medium (DMEM) containing 20 mM. L-glutamine, 20% fetal calf serum (FCS) and antibiotics (penicillin 100 U/ml and streptomycin 100 mg/ml). More DMEM containing 10% FCS was added at day 5, after the explants had attached to the substrate. Cells migrated from the tissue and underwent division within 8±10 d. At this time the explants were removed. At con¯uence, cells were detached with trypsin (0.05%) and EDTA (0.02%) and then grown on 25 mm glass coverslips in DMEM until 50±70% con¯uence. As previously described, only cells from passage 1±4 were used for these studies.
16±18
Measurement of intracellular calcium
Cells were loaded for 1 h with Fura-2/AM (10 mM) in 0.1% dimethylsulfoxide (DMSO) in HEPES buffered solution (HBS) of the following composition, mM: NaCl: 145; Kcl: 5; CaCl 2 : 2.5; MgSO 4 : 1.2; glucose: 11; HEPES: 10, then washed and placed in a Leiden chamber with 3 ml HBS on the stage of a Nikon Diaphot microscope. For experiments requiring calcium free solution, HBS added was de®cient of CaCl 2 and supplemented with 1 mM EGTA. Video imaging was performed as described previously 23, 24 with the Image-1 image processing hardware and Image-1/FL software (Universal Imaging Corporation, West Chester, PA, USA). Brie¯y, images were sequentially obtained from a charge-coupled device (CCD) camera (DAGE MTI) and digitized at excitation wavelengths of 350 and 380 nm by means of a ®lter wheel (Shutter Instruments) with emission set at 510 nm by a dichroic mirror. All images represent the ratio (350/380) of the average of eight images obtained at each wavelength. Pixel-by-pixel ratio imaging was used to obtain spatial maps of [Ca 2 ] i distribution in images of single cells. Background light levels were subtracted, and the ratios of the intensities of individual pixels at the two wavelengths were established. Ca 2 concentration was calculated using the Grynkiewicz 19 equation
were K d is the dissociation constant for fura-2 and Ca 2 (220 nM), F min /F max the ratio between¯uores-cence intensities at 380 nm at low (0 mM) and high (40 mM) Ca 2 solutions, R is the measured ratio of uorescence (350/380 nm) of the sample variable during the experiment, R min and R max the measured uorescence ratio in the presence of saturated and zero Ca 2 concentrations.
16,17
Experimental protocol for digital imaging microscopy response was obtained at concentrations ranging from 6±50 mg/ml. After 5 min cells were exposed to a single concentration of ET-1 (50 nM; corresponding to approximately the EC 50 to EC 75 as determined previously. 16, 17 Note that cells were exposed to a single concentration of propofol and ET-1. For clinical use, propofol is mixed with a vehicle of the following composition: soybean oil (100 mg/ mL), glycerin (22 mg/mL) and egg lecithin (12 mg/ mL). This vehicle is similar in composition to Intralipide 1 10% which was used as a control. Importantly, preliminary experiments revealed that vehicle alone had no detectable effect on intracellular calcium levels in these experiments (data not shown). Histamine elicits a transient increase in intracellular calcium levels in cultured human corporal smooth muscle cells that is quantitatively similar to that observed with ET-1, but which is apparently entirely dependent on liberation of intracellular calcium stores, and not on transmembrane calcium¯ux (Christ et al, unpublished observations; see Results). Thus, in order to more rigorously assess the actions of propofol on intracellular calcium levels, additional experiments were conducted to examine the effects of propofol on histamine-induced (5 mM; approximately 50±75% of the maximum histamine-induced response) alterations in intracellular [Ca 2 ] in cultured human corporal smooth muscle cells.
Experimental protocol for pharmacology experiments on isolated corporal tissue strips
All corporal tissue strips were initially contracted to 75% of maximum by addition of PE to the organ bath. After washing with fresh buffer to return tissue to basal tone, each tissue was then preincubated with propofol (100±200 mM, 30 min), prior to readdition of PE to the organ. Thus, each tissue served as its own control.
Statistical analysis
Results from in vivo rat experiments are expressed as the ratio between intracorporal pressure and mean arterial blood pressure. Results from calcium imaging are expressed as the mean AE s.e.m. increase in the peak amplitude of the agonist-induced intracellular Ca 2 transient, observed over the basal levels. 16, 17 Statistical comparisons were performed by the two-tailed Student's t-test or one-way analysis of variance as appropriate. Differences were considered to be signi®cant at P`0.05. For the pharmacological experiments on isolated human corporal tissue strips, because each tissue served as its own control (see above), data were compared using a Student's t-test for related samples. 
Results
Effect of propofol on neurostimulated intracavernous pressure responses in a rat model As previously reported, electrical stimulation of the cavernous nerve elicited a signi®cant and stimulation-dependent increase in intracavernous pressure at all levels of current stimulation in all animals. An illustration of the effects of propofol anesthesia on the mean intracavernous pressure (ICP) responses to 2 mA of current stimulation, as measured in all animals, is depicted in Figure 1 . Comparative ICP data for all levels of neurostimulation are summarized in Figure 2 . In short, consistent with previous observations in humans, rats anesthetized with propofol had a signi®cantly greater ICP responses to nearly all levels of current stimulation, when compared to control animals anesthetized with pentobarbital ( Figure 2 ). The mean resting cytosolic calcium concentration [Ca 2 ] c in cultured corporal smooth muscle cells was similar to that previously reported. 16, 17 Addition of propofol had no detectable effect on the mean resting [Ca 2 ] c for propofol concentrations up to 12 mg/mL (a clinically relevant concentration). The ET-1-induced (50 nM) increase in cytosolic free calcium concentration was also similar to our previous report on cultured human corporal smooth muscle cells derived from patients with organic erectile dysfunction. 23, 24 Preincubation of cells for 5 min with increasing propofol concentrations resulted in a statistically signi®cant and concentration-dependent diminution in the peak amplitude of the cytosolic intracellular calcium transient observed following addition of 50 nM ET-1. This relationship is depicted in Figure 3 . The maximal inhibition of the peak amplitude of the ET-1-induced intracellular calcium transient was approximately 65%, and was produced at a propofol concentration of 12 mg/mL; further increasing the propofol concentration resulted in no further diminution in the ET-1-induced calcium response.
In order to further evaluate the mechanistic basis for the propofol-induced diminution in the peak amplitude of the ET-1-induced intracellular calcium transient additional experiments were conducted Figure 2 Effects of propofol on the cavernous nerve-stimulated intracavernous pressure (ICP) responses. For each level of stimulation, the ratio value (namely the fraction of ICP/mean arterial pressure) was calculated at the peak ICP response recorded during the course of the erection (see Figure 1 ). Values are expressed as mean AE s.e.m., * P`0.01 versus control, Student's t-test for unpaired samples.
Propofol-induced erections F Staerman et al using a propofol concentration of 8 mg/mL (slightly greater than the EC 50 ), which as shown in Figure 3 , produced a robust and reproducible diminution in agonist-induced intracellular calcium levels. Moreover, preincubation of cultured cells with Ca 2 free/ EGTA (1 mM) and/or with propofol (8 mg/mL) produced equivalent reductions in the peak amplitude of the ET-1-induced [Ca 2 ] i transient by 55.5 AE 6% (n 10 cells, P`0.01) and 53.4 AE 5.6% (n 12 cells, P`0.01) respectively (Figure 4) . However, preincubation with Intralipide 1 alone (12 mg/mL) had no measurable effect on the ET-1-induced [Ca 2 ] i response (data not shown).
Effect of propofol on histamine-induced intracellular [Ca 2 ] increase
In order to more rigorously characterize the nature of the propofol-induced diminution in agonist-stimulated intracellular calcium levels, preliminary experiments were conducted with histamine. In cultured human corporal smooth muscle cells histamine induces a transient increase in the cytosolic free calcium concentration in cultured corporal smooth muscle cells that is quantitatively similar to that observed with ET-1, but importantly, apparently independent of extracellular calcium ( Figure 5 ). Thus, in sharp contrast to our observations with ET-1, preincubation of corporal smooth muscle with propofol or a Ca 2 free/EGTA (1 mM) buffer had no detectable effect on the peak amplitude of the histamine-induced [Ca 2 ] i transient ( Figure 5 ).
Effect of propofol on the PE-induced contractile response in isolated human corporal tissue strip
A control contractile response of corporal tissue strips was obtained on all tissues prior to preincubation with propofol (100±200 mM; 30 min). The presence of propofol caused a dramatic and reversible diminution in the magnitude of the steady-state PEinduced contractile response during the ®rst few minutes of contraction. A representative example of the effects of propofol on single corporal tissue strip is shown in Figure 6 , and the mean data for all strips over the same time period are summarized in Table  1 . It is interesting to point out that eventually, although with a great temporal delay relative to that observed in the absence of propofol, the PE-induced response achieve a steady-state level of tension that was nearly equivalent to that observed in the absence of propofol. More speci®cally, rather than the normal 3±5 min required for the PE-induced contractile response to reach equilibrium, 8±10,12±15 in the presence of propofol it took up to 10±15 min.
Discussion
Approximately 3.5% of patients experience intraoperative penile erection during general anesthesia with propofol for urologic surgery. 2 The mechanistic basis for this observation is still unclear, although independent lines of evidence suggest that it is either a consequence of the peripheral effects of the anesthetic drug on vascular tissue, 1 or on the sacral re¯ex.
2 With respect to the former, recent in vitro studies on isolated vasculature have documented a direct relaxant action for proposal on smooth muscle. 3, 4, 20 Speci®cally, in isometric tension studies performed using clinically effective concentrations of propofol, propofol was shown to elicit relaxation of isolated rat aortic and porcine coronary artery rings precontracted with KCl, NE (norepinephrine), 5-HT (5-hydroxytryptamine) and carbachol, 3, 4 as well as to attenuate vasoconstriction of rat portal vein in response to increasing extracellular calcium concentrations, 20 and of porcine coronary artery in response to KCl, NE, 5-HT or carbachol. 4 Such studies have suggested a direct effect of propofol on the smooth muscle per se, as the observed relaxation responses occurred via an endothelium-independent pathway. 3, 4 While nonspeci®c actions of propofol on endothelial cells have been proposed, 21, 22 the prevailing mechanism of relaxation on vascular smooth muscle appears to be mediated at the level of inhibition of transmembrane Ca 2¯u x in smooth muscle cells 3,4 through the inhibition of voltage-gated Ca 2 channels. 4 As such, the goal of this investigation was to further clarify the mechanistic basis for propofolinduced intraoperative penile erections in patients, by evaluating the effects of propofol on the erectile response both in vitro and in vivo. Consistent with observations in humans, these studies documented Representative plot of original tracing depicting the effects of preincubation of isolated corporal tissue strips with propofol on tension development in response to addition of phenylephrine. As illustrated, the presence of propofol was associated with a dramatic reduction in PE-induced tension development of isolated corporal tissue strips over the ®rst minutes of generation of the contractile response. a signi®cant increase in the nerve-stimulated intracavernous pressure response in propofolanesthetized rats, at almost all levels of current stimulation of the cavernous nerve, when compared to animals anesthetized with pentobarbital ( Figure  2 ). As the cavernous nerve is the ®nal common effector of penile erection in this experimental paradigm, these in vivo studies provide compelling evidence for a peripheral mechanism of action of propofol, although they clearly do not unequivocally rule out the possibility of centrally-mediated actions.
In order to further evaluate the possibility that propofol might have direct actions on human corporal smooth muscle that are similar to that reported in other vascular tissues, we examined the effects of propofol on the peak amplitude of the ET-1-induced intracellular Ca 2 transient in cultured human corporal smooth muscle cells. The rationale for such an approach is related to the fact that ET-1 is an important modulator of corporal smooth muscle tone, that elicits sustained contractions of human corporal smooth muscle that are dependent, at least in part, on continuous transmembrane Ca 2 ux.
8±10,12±16 As illustrated in Figure 3 , preincubation with propofol was associated with a concentration-dependent inhibition in the peak amplitude of the ET-1-induced intracellular calcium transient, with a maximal inhibition of approximately 60%. Moreover, this degree of propofol-induced inhibition in the ET-1-induced intracellular calcium transient was indistinguishable from that observed in a Ca 2 -free/EGTA buffer, or in the presence of blockade of the voltage-dependent calcium channel (Figure 4) . Furthermore, the histamine-induced intracellular Ca 2 transient, which is quantitatively similar to the ET-1-induced intracellular calcium transient (see Figure 5 ), but apparently independent of transmembrane calcium¯ux, was unaltered by propofol, the absence of extracellular calcium, or the presence of voltage-dependent calcium channel blockers ( Figure 5 ). Lastly, vehicle alone had no measurable effect on the ET-1-induced calcium response, taken together these data strongly suggest that propofol-induced relaxation of human corporal smooth muscle is related, at least in part, to decreased transmembrane Ca 2¯u x. As such, these data strongly suggest that the mechanistic basis for the propofol-induced diminution in the peak amplitude of the intracellular calcium transient is related to disruption of transmembrane calcium ux.
As further veri®cation of the aforementioned hypothesis, the effects of propofol on the PEinduced contractile response of isolated corporal tissue strips was evaluated. The rationale for this approach was related to the fact that the maintenance and magnitude of the PE-induced contractile response of isolated human corporal tissue strips is entirely dependent on continuous transmembrane calcium¯ux.
8±10,12±16 As anticipated, preincubation of isolated corporal tissue strips with propofol (100±200 mM; 30 min) resulted in a dramatic reduction in the observed PE-induced contractile response on the same corporal tissue strip, over the ®rst few minutes of the response. Interestingly, while the magnitude of the PEinduced steady-state contractile response achieved in the presence of propofol was roughly equivalent to that observed in the absence of propofol (data not shown), the time constant for this was signi®cantly increased, as it took more than 10±15 min to reach steady-state; this stands Figure 7 Putative mechanism of action of propofol on human corporal smooth muscle (A), and implications in vivo (B). As illustrated, propofol is thought to have an inhibitory effect on the voltage-dependent calcium channel on human corporal smooth muscle cells. It is the inhibition of transmembrane calcim¯ux which is hypothesized to result in decreased corporal smooth muscle tone, or smooth muscle relaxation, and thus, produce an intraoperative erection. This seems a reasonable conclusion based on the compelling data outlined in this report (see Figures 3±5) , and furthermore, given that the peak amplitude of the ET-1-induced intracellular calcium transient observed on cultured human corporal smooth muscle cells 17 has been shown to be directly correlated with the magnitude of the ET-1-induced steady-state contractile response observed on isolated human corporal tissue strips. 5 Moreover, the sustained PE-induced steady-state contractile response of human corporal smooth muscle has also been documented to be dependent on continuous transmembrane calcium¯ux.
8±10,12±16 The implications in vivo are a natural extension of the observations that erectile physiology re¯ects a delicate balance between the effects of contracting and relaxing factors on the level of corporal smooth muscle tone 5±10,30,31 . In this scenario, the observed propofol-induced decrease in the level of corporal smooth muscle tone, produced as a result of the aforementioned actions on the corporal smooth muscle cells, would decrease the stimulus required for erection, and thus shift the delicate balance toward the production of an erectile response.
in stark contrast to the 3±5 min normally required for achievement of the steady-state PE-induced contractile response.
8±10,12±15 The exact reason for the eventual regaining of tissue tension in the presence of propofol is uncertain, but it is conceivably related to metabolic factors, or perhaps tissue desensitization/tolerance. This will clearly have to remain the province of future investigations.
Taken together, these studies con®rm and extend previous observations, to suggest, that as reported for other anesthetics, propofol may have a direct inhibitory effect on the activity of voltagedependent Ca 2 channels; for example halothane or iso¯urane. 23, 24 More speci®cally with regard to mechanism of action many local and general anesthetics are lipophiles, which are thought to partition into various locations in biological membranes.
25±27 Such partitioning could result in altered ionic currents due to non-speci®c bilayer effects, as well as direct recognition of a putative ion channel binding site. Clearly we cannot at present distinguish between these two possibilities at present. In this regard, based on our current observations, we have summarized in Figure 7 what we believe to be the putative mechanistic basis for the observed propofol-induced intraoperative penile erections.
In short, this report clearly documents, for the ®rst time, a direct and local effect of propofol on the human corpus cavernosum, and moreover, that this direct effect is consistent with in vivo observations in both humans and rats. However, it must be emphasized that propofol may also impact on other aspects of the neutral control of penile erection. For example, Biddle et al 28 recently demonstrated that propofol has a direct presynaptic effect to inhibit norepineprine release from perivascular nerves in rat femoral artery. In addition, we cannot exclude the possibility that the induction of unconsciousness per se may alter the delicate balance between contraction and relaxation states at some central nervous system level. Consistent with a putative central action, propofol has been reported to elicit sexual hallucinations during sedation for minor surgery. 29 In all propofol may have distinct effects on the neutral control of erectile function, as well as on the tone of corporal corporal smooth muscle.
